The genus Lippia (Verbenaceae) includes approximately 200 species of plants from the tropics of Africa as well as South and Central America. Infusions of the leaves, aerial parts or flowers are traditionally utilised as topical lotion for respiratory, gastrointestinal and skin disorder treatments. Some species of Lippia are composed of a wide variety of chemically variable, volatile compounds that present biological properties (Pascual et al. 2001 , Meneses et al. 2009 , Mesa et al. 2009 ).
Protozoal diseases, such as leishmaniasis and Chagas disease, constitute a major public health problem in Latin American countries. There are not very many drug treatment options and most options have problems associated with their use. Plants and their natural products constitute good sources of interesting lead compounds that could be potentially active against Leishmania or Trypanosoma (Croft et al. 2005) . Essential oils from aromatic plants such as Chenopodium ambrosioides (Monzote et al. 2007) , Origanum vulgare, Thymus vulgaris (Santoro et al. 2007b) , Melissa officinalis (Mikus et al. 2000) , Ocimum gratissimum (Ueda-Nakamura et al. 2006) , Salvia cilicica (Tan et al. 2002) , Salvia gilliessi (Sanchez et al. 2006) , Rosmarinus officinalis (Braga et al. 2007) and Croton cajucara (Euphorbiaceae) (Rosa et al. 2003) have been found to be effective against Leish- 
MATERIALS AND METHODS
Plants, essential oil extraction and chemical characterisation -Nineteen essential oil samples were extracted from the aerial parts of five different species of Lippia (Table I) . Plants were collected from their natural habitats during [2005] [2006] in different places of Colombia. Taxonomic identification was performed by Dr. José Luis Fernández at the Instituto de Ciencias Naturales, Universidad Nacional, Bogotá, Colombia. Voucher specimens were deposited in the Colombian National Herbarium. The essential oils were obtained by a microwave radiation-assisted hydrodistillation technique and analysed by GC-MS (Stashenko et al. 2004) . For their chromatographic analysis, individual essential oil samples (50 µL) were mixed with n-tetradecane (2 µL, internal standard) and diluted with dichloromethane to a final volume of 1.0 mL. Relative amounts of essential oil constituents were reported as means of triplicate analyses. Compound identification was based on chromatographic (retention times and indices, use of standard compounds) and spectroscopic (mass spectra interpretation, comparison with databases and standard compounds) criteria. Analyses were performed in a gas chromatograph (Agilent Technologies 6890 Plus, Palo Table II . The resulting essential oils were not checked for the presence of endotoxins.
Parasites, cells, major compounds and reference drugs -Epimastigotes of T. cruzi (Strain 215, KP Luna CINTROP) were cultured in liver infusion tryptose medium supplemented with 5% heat-inactivated foetal calf serum (hiFCS). Promastigotes of L. chagasi (MHOM/ BR/74/PP75) were cultured at 28ºC in Schneider's Drosophila medium supplemented with 10% hiFCS. Vero cells (ATCC) and human acute monocytic leukaemia cell line THP-1 cells (ATCC) were cultured in RPMI 1640 medium supplemented with 10% hiFCS at 37°C in a 5% CO 2 -95% air mixture. THP-1 cells were transformed to adherent macrophages with phorbol myristate acetate (Sigma, St. Louis, USA) for 48 h at 37°C before the experiments. The major components evaluated were geranial,
S-(-)-limonene, R-(+)-limonene, carvacrol, pcymene, γ-terpinene, S-(+)-carvone, R-(-)-carvone
and thymol, all obtained commercially from Sigma-Aldrich (Darmstadt, Germany). Nifurtimox and amphotericin B (AmB) were used as reference drugs. Stock solutions of essential oils and reference drugs were prepared in DMSO (Carlo-Ebra, Rodano, Italy) at a 100x concentration. Working solutions were prepared in culture medium before the experiment. All of the culture media, serum and reagents used were endotoxin free.
Determination of parasite activity -Promastigotes of L. chagasi and epimastigotes of T. cruzi parasites were treated with a three-fold dilution series of essential oils, major compounds or reference drugs for 72 h at 28°C. The inhibition of parasite growth was microscopically determined by counting parasite numbers in a haemocytometer. For intracellular amastigote assays, Vero cells were infected with tissue-derived trypomastigotes of T. cruzi and THP-1 transformed cells were infected with late-stage promastigotes of Leishmania at a 10:1 parasite to cell ratio. After 24 h, infected cells were incubated with the essential oils, major compounds or reference drugs for 72 h at 37°C in a 5% CO 2 -95% air mixture. Drug activity was determined by the percentage of infected cells in treated and untreated cultures in methanol-fixed and Giemsa-stained preparations.
Toxicity to mammalian cells -The cell toxicity was tested using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide)] reduction assay. Vero and transformed THP-1 cells were incubated with each essential oil (0-100 µg/mL) for 72 h at 37°C in a 5% CO 2 -95% air mixture. The optical density (OD) of the dissolved formazan crystals was measured using a microplate reader at a wavelength of 580 nm. The percentage of cytotoxicity was calculated using the following equation: 100 x (OD control -OD treated)/OD control.
Statistical analysis -The anti-parasite activity was expressed as the concentration required to inhibit 50% and 90% (IC 50 and IC 90 ) of parasite growth. The cell toxicity was expressed as the concentration required for 50% and 90% (CC 50 and CC 90 ) cell killing. They were calculated by sigmoidal regression analyses (Msxlfit TM , ID Business Solution, Guildford, UK). The selective index (SI) was calculated by dividing CC 50 Vero cells/IC 50 T. cruzi, or CC 50 THP-1 cells/IC 50 L. chagasi. Results were expressed as mean ± standard deviation and statistical significance was determined by Student's t-test (p < 0.05 was considered significant). All experiments were repeated twice in quadruplicate. Principal component analysis (PCA) of the composition and biological activity data was performed with Statistica 6.0 software (StatSoft, Tulsa, OK, USA).
RESULTS
A total of 19 different essential oil samples were obtained from plant material from Lippia alba, Lippia citriodora, Lippia dulcis, Lippia micromera and Lippia origanoides. GC-MS analysis permitted the positive identification of 36 different compounds in relative amounts ≥ 0.5% (Table II) . Although there was not a single compound common to all of the essential oils, a PCA analysis showed compositional similarities amongst the diverse samples. A representation of the sample compositions, in the plane formed by the first two principal components, revealed the presence of four groups of essential oils (Figure) : group I was formed exclusively by carvone and limonene-rich L. alba oils, group II consisted of citral and trans-β-caryophyllene-rich oils that corresponded to the L. alba, L. citriodora and L. dulcis species, group III contained carvacrol, thymol and pcymene-rich oils of the L. origanoides and L. micromera species and group IV comprised L. origanoides oils in which p-cymene was more abundant than carvacrol and thymol, but there were no detectable amounts of thymol methyl ether. Thus, the PCA analysis showed that L. alba and L. origanoides belonged to two different chemotypes, a fact that was already reported for such species (Hennebelle et al. 2006 , Stashenko et al. 2008 . Table I contains the results of the antiprotozoal and mammalian cell activities for the 19 essential oils examined. Analogous to the compositional data, the corresponding bioactivity data were also subjected to a PCA to compare the bioactivity of the essential oils. Similar to the grouping criterion for the composition, oils in group I maintained a close relationship in bioactivity (Figure) . A similar proximity in bioactivity was found within groups III and IV. However, oils in group II appeared rather scattered, indicating that their small compositional differences led to dissimilar bioactivity. A closer look at the bioactivity contrasts and similarities follows. (Table I ). For T. cruzi, nine oils (7-11, 13 and 17-19) were active on epimastigote parasites with an IC 50 in the range of 5.5 ± 0.4-32.2 ± 0.2 µg/mL and an IC 90 in the range of 11.6 ± 0.2-90.0 ± 16.0 µg/mL. Six essential oils (8, 9, 11, 13, 17 and 19) were active on amastigotes interiorised in Vero cells (the IC 50 ranged from 12.2 ± 0.1-53.0 ± 0.24 µg/mL and the IC 90 ranged from 31.4 ± 0.2 to <100 µg/mL). For L. chagasi, six oils (8, 10, 12, 13, 16 and 17) were active on promastigotes (the IC 50 ranged from 5.0 ± 1.9-52.0 ± 1.1 µg/mL and the IC 90 ranged from 23.0 ± 1.7-60 ± 3.5 µg/mL). None of the oils were active on amastigotes inside THP-1 macrophages. Six oils (1, 7, 8, 16, 18 and 19) were partially toxic in Vero cells (CC 50 from 21.0 ± 2.3-58 ± 2.1) and two (7, 9) were toxic in THP-1 macrophages (CC 50 from 17.0 ± 6.0-43.0 ± 4.7).
The essential oils of the Colombian Lippia species we examined were made up of complex mixtures that differed in quantity and type, dependent upon the Lippia species and the place of collection (Table II) . The oils derived from L. alba (Miller) N.E. Brown with the highest antiprotozoal activity were composed mainly of geranial, neral, geraniol, trans-β-caryophyllene and 6-methyl-5-hepten-2-one. They were partially toxic in mammalian cells; however, a SI higher than 2.5 was observed with T. cruzi. In contrast, the less active L. alba oils contained carvone, limonene, piperitone, piperitenone, β-bourbonene and bicyclosesquiphellandrene. Both essential oils derived from L. citriodora (syn. Aloysia triphylla) were active on T. cruzi and L. chagasi and had no toxicity in Vero and THP-1 cells. They were composed primarily of geranial, neral, limonene, nerol, 1,8-cineol, spathulenol and caryophyllene oxide. Citral, a monoterpene aldehyde synthesised by several plant genera, is a mixture of geranial and neral with demonstrated biologic activities against other pathogens, especially fungus and bacteria. In addition, citral is the main constituent of the essential oil of lemongrass and has activity against free and intracellular forms of T. cruzi parasites (Santoro et al. 2007a ). Essential oil from L. citriodora has also demonstrated activity against other microorganisms, such as Candida albicans (Teixeira et al. 2005) and Helicobacter pylori (Ohno et al. 2003) . Previously, some oil samples tested in this paper were analysed against fungus and viruses (Meneses et al. 2009 , Mesa et al. 2009 ). The L. alba-citral chemotype (Voucher 216929) was screened against Candida parasilosis, Candida krusei, Aspergillus flavus and Aspergillus fumigatus and showed activity against C. krusei and A. fumigatus (Mesa et al. 2009 ). In addition, the essential oils of L. alba (Voucher 480750) and L. origanoides (Voucher 512075) were active against yellow fever virus (Meneses et al. 2009 ).
The antiprotozoal-active essential oil derived from L. origanoides H.B.K. showed a high content of oxygenated monoterpenes: sample 13 contained carvacrol (46.2%), p-cymene (12%) and γ-terpinene (9.5%) and sample 17 contained carvacrol (38.8%), thymol (15.1%), γ-terpinene (12.6) and p-cymene (11.5%). These natural constituents also exist in other aromatic plants (i.e., from the Lamiacea family) and plants such as oregano and thyme have shown biological activity against Leishmania spp and T. A representation (principal component analysis) of the Lippia essential oils composition in the plane formed by the first two principal components of the composition data. Point labels were constructed with the first letter of the species (alba, citriodora, dulcis, micromera and origanoides) followed by the corresponding oil number in Table I . cruzi. Interestingly, the essential oils from the Colombian Lippias used in this study do not contain eugenol, but they do have a low concentration of linalool instead (Table II) (Siani et al. 2002) and would be a good candidate to test against parasites. In this paper, thymol (p-cymene derivative) was the major component of sample 12 (29.1%) from L. micromera Schauer and sample 16 (53.6%) from L. citriodora. Although the former showed low antiprotozoal activity, the latter was the most active against promastigotes of L. chagasi. The activity of thymol derivatives has been demonstrated in vitro and on experimental models of Leishmania panamensis (Robledo et al. 2005) .
L. dulcis Trev. oil was composed mainly of trans-β-caryophyllene, δ-cadinene α-copaene, α-bisabolol and bicyclogermacrene. It was active on T. cruzi and L. chagasi; however, some toxicity was observed in Vero cells. Oil samples 7-9, 16 and 17 contained trans-β-Caryophyllene and all of them have induced at least some toxicity on mammalian cells. L. dulcis has demonstrated antiproliferative activity in vitro in different cancer cells. On the other hand, some other plant components, such as demethoxycentaureidin and eupafolin, were toxic to HeLa cells (Abe et al. 2002) . It would be interesting to continue exploring the anticancer activity of this plant.
Some major components of the essential oils were biologically active against parasites and in cells. To complement this study, the antiprotozoal and mammalian cell activities of seven of the major components from the active essential oils were tested (Table III) . In T. cruzi assays, thymol, carvacrol, geranial and p-cymene were active against epimastigotes. The IC 50 values ranged from 0.3-28.1 µg/mL, the IC 90 values ranged from 3.8-68.8 µg/ mL and the SI was higher than 4. Thymol (IC 50 3.6 ± 0.4, IC 90 > 30 µg/mL, SI 11.8) and S-carvone (IC 50 6.0 ± 2.2, IC 90 > 30 µg/mL, SI 42.3) were active on intracellular amastigotes of T. cruzi infected Vero cells. In general, all of the major components were less active on L. chagasi parasites. Carvacrol, geranial and thymol were moderately effective against promastigote forms, but none of them were active against intracellular amastigotes in THP-1 cells (Table III) . Differences in cell toxicities were observed between Vero and THP-1 mammalian cells. Sta-tistically (p > 0.001), they were more toxic in Vero cells compared to THP-1 cells. R-(-)-carvona, carvacrol and thymol were the most toxic components in Vero cells (the IC 50 ranged from 17.2-37.2 µg/mL and the IC 90 was > 300 µg/mL). The effectiveness of thymol on T. cruzi (IC 50 was 62.0 μg/mL after 24 h of treatment) was demonstrated previously against parasites free of epimastigotes and trypomastigotes (Santoro et al. 2007b ). The present paper showed that thymol was effective against intracellular parasitic forms of T. cruzi but not against L. chagasi amastigotes. This compound was the main constituent of oil sample 12 (L. micromera), as well as 16 and 17 (L. origanoides), and was also present in samples 14, 15 and 18 (L. origanoides), which were active against T. cruzi. Thymol was ineffective against intracellular amastigotes of L. chagasi infected THP-1 cells, consistent with what has been demonstrated on intracellular forms of L. (Viannia) panamensis (Robledo et al. 2005) .
